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ABSTRACT
The power spectral density (PSD) of the X-ray emission variability from the accretion disc-
corona region of black hole X-ray binaries and active galactic nuclei has a broken power-law
shape with a characteristic break time-scale TB. If the disc and the jet are connected, the
jet variability may also contain a characteristic time-scale related to that of the disc-corona.
Recent observations of the blazar Mrk 421 have confirmed the broken power-law shape of
the PSD of its jet X-ray variability. We model the time variability of a blazar, in which
emitting particles are assumed to be accelerated by successive shock waves flowing down the
jet with a varying inter-shock time-scale (TIS). We investigate the possible relation between
the characteristic time-scales in the disc and jet variability based on the above model, along
with mathematically and physically simulated disc variability. We find that both the PSD of
the jet and disc variability may have a broken power-law shape but the break time-scales are
not related in general except only in systems with a small range of BH mass. The break in the
jet and the disc PSD are connected to the interval between large amplitude outbursts in the jet
(TIS) and to the viscous time-scale in the disc, respectively. In frequency bands where multiple
emission processes are involved or emission is from lower energy particles, the break in the
PSD may not be prominent enough for detection.
Key words: galaxies: active — galaxies: jets — accretion discs — black hole physics —
(galaxies:) quasars: supermassive black holes — X-rays: binaries
1 INTRODUCTION
Accretion on to a black hole is the primary source of electromag-
netic radiation emitted by the active galactic nuclei (AGN) and the
black hole X-ray binaries (BHXRBs) (Rees 1978; Pringle & Rees
1972). The secondary star may contribute significantly in the lat-
ter. In the AGN and BHXRBs, the presence of an accretion disc
is inferred from the observations and modelling of their electro-
magnetic emission (e.g., Malkan & Sargent 1982). It has been
speculated using the analysis of variability from these accreting
systems that many features of the AGN are scaled-up version of
that in the BHXRBs (Markowitz et al. 2003; McHardy et al. 2006).
High-resolution multi-wavelength observations of some of these
accreting black hole systems have revealed the presence of a col-
limated outflow of magnetized plasma, termed “jet” (e.g., Romero
et al. 2017). These highly energetic jets are assumed to be powered
by accretion (Ferreira & Petrucci 2011;Wu et al. 2013) although the
detailed mechanism of their launching and collimation is not fully
understood yet (Dexter et al. 2014; Malzac et al. 2004; McNamara
et al. 2011).
Consequently, a connection between the inflow in the accretion
disc and the outflow in the jet may be expected. disc-jet connection
? E-mail: sagnickm@yahoo.in
has been studied in multiple BHXRBs and Seyfert galaxies (Miller-
Jones et al. 2012; Fender & Belloni 2004; Fender et al. 2009; Soleri
et al. 2010; Klein-Wolt et al. 2001; Yadav 2006; Corbel et al. 2000;
Kanbach et al. 2001). These studies mostly use long-term multi-
wavelength monitoring of these sources, revealing a connection
between the decrease in brightness and spectral hardening in the
X-rays with higher and/or faster flow of matter down the jet. In the
broad line radio galaxies 3C 120 and 3C 111, the jet is misaligned
(20◦ with our line of sight) (Jorstad et al. 2005). Hence, the optical
and X-ray emission are dominated by that from the accretion disc-
corona region while the radio emission is from the jet. Observations
of these unique sources, have revealed similar connection between
the motion of radio-bright superluminal knots seen in the pc-scale
jets and the dips in the X-ray light curve (Marscher et al. 2002;
Chatterjee et al. 2009, 2011; Tombesi et al. 2012; Marscher et al.
2018). Blazars are a class of AGN with a prominent jet pointed
within ∼10◦ of our line of sight. As a result, the emission from the
jets is relativistically beamed and overwhelms that from the disc-
corona region. Therefore, it is not possible to study a connection
between the emission from the latter and the motion in the pc-scale
jet.
3C 120 and 3C111 share another propertywithmanyBHXRBs
and Seyfert galaxies. The power spectral density (PSD) of their X-
ray variability has a break, i.e., the slope becomes flatter above
a certain time-scale. That so-called “break time-scale” is consis-
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tent with the TB—MBH—Lbol relation found in a large sample of
BHXRBs and Seyfert galaxies by McHardy et al. (2006). If the jets
are indeed launched near the disc and there is a disc-jet connection
as suggested by the above observations, emission variability in the
jet may exhibit a similar characteristic time-scale in its power spec-
trum. While such a break has not been found in the power spectra
of the emission variability in many blazars it has been observed in a
few cases. Most recently Chatterjee et al. (2018) have confirmed the
presence of a break in the X-ray power spectral density of the blazar
Mrk 421, which was previously hinted by other authors (Kataoka
et al. 2001; Isobe et al. 2015). Goyal et al. (2018) have inferred a
break time-scale in the γ-ray variability of another BL Lac object
OJ 287 from their analysis of its Fermi-LAT light curve. However,
it is not clear if the break in the above cases is consistent with the
TB—MBH—Lbol relation above or is due to some other time-scale
related to the jet emission. It is possible that the time-scale found in
the jet is related to the emission mechanism(s) in the jet itself and
not with the disc, or it may be related to the disc but shifted due to
relativistic effects.
In this work, we develop a semi-analytical model of jet emis-
sion focusing on its variability.We examine the PSDof the simulated
variability at multiple wavelengths generated by this model in or-
der to search for the existence of any characteristic time-scale. We
check whether such a time-scale may be related to certain prop-
erties or events in the accretion disc. For that purpose, we follow
Cowperthwaite & Reynolds (2014) to simulate the emission vari-
ability of the accretion disc. Theoretical modelling of jet emission
variability with particular focus on the nature of its PSD and pos-
sible characteristic time-scale(s) present in it has been carried out
most recently by Finke & Becker (2014); Chen et al. (2016). They
find various physical time-scale in their model related to cooling,
crossing, escape and acceleration of emitting particles. However, a
connection of these time-scales with the physical processes in the
accretion disc was not the goal of their work. Malzac et al. (2018)
and Drappeau et al. (2015) have assumed that the jet variability is
due to the fluctuation of the the bulk Lorentz factor of the jet plasma,
which, in turn, is driven by the accretion flow. They have focused in
reproducing the radio to infrared (IR) spectral energy distribution
and the IR/X-ray time lag of the X-ray binary GX-339 using that
model.
In §2wedescribe themodel;we carry out the analyses, describe
the results and discuss their implications in §3, and in §4 we present
the summary and conclusions.
2 MODEL
We model the jet as an elongated box with a circular cross-section.
We divide the length of the box in multiple zones each of which
fills up the cross-section of the jet, and has its own particle energy
distribution and magnetic field. We assume that the emission from
the electrons dominate the total jet emission and any other con-
tribution is neglected, i.e., we are assuming a so-called “leptonic
model” of jet emission. A shock front injects a power-law energy
distribution of electrons as it passes through a zone. After the shock
front passes, the electron energy distribution of each zone evolves
independently of its neighbouring zones as they cool through syn-
chrotron emission and inverse-Compton scattering (IC). We select
the time interval between two consecutive shock fronts to probe var-
ious possibilities of jet variability and the disc-jet connection. We
simulate the synchrotron and IC emission from the entire emission
region by adding up the contribution from each zone and over an
interval during which several shock fronts pass through the region.
We assume the magnetic field to be the same in each zone with a
value of 1 Gauss (e.g., O’Sullivan &Gabuzda 2009), and the “seed”
photon field, which is up-scattered is from in or outside the jet.
2.1 Synchrotron Emission
We average the magnetic field over all the angles that the field vector
makes with the observer’s line of sight. The synchrotron emission
from a power-law distribution of electrons is given by (e.g., Rybicki
& Lightman 1986).
jS(ν) =
∫ γmax
γmin
N(γ, t)dγ x
∫ ∞
x
K5/3(ζ)dζ (1)
Here jS(ν) is the synchrotron emission coefficient as a function
of the frequency of the emitted photons. γmin and γmax are the
minimum and the maximum Lorentz factor, respectively, of the
electron energy distribution. x = ν/νc , where νc = k1γ2 and
k1 = 4.2 × 106 B, where B is in Gauss. Here K5/3 is the modi-
fied Bessel function of the second kind of order 5/3. N(γ, t) is the
electron energy distribution in the zone. We have assumed a power-
law distribution which radiatively loses its energy according to the
equation:
N(γ, t) = N0γ−s(1 − γk2t)(s−2) (2)
Here, t is the time after the shock has passed through that zone, s
is the initial power-law index of the energy distribution and k2 is
1.3 × 10−9B2, where B is in Gauss.
2.2 External Compton (EC) Emission
The relativistic electrons in the jet may up-scatter “seed" photons
from outside the jet, e.g., the broad line region, to produce higher
energy emission (Böttcher 2007; Sikora et al. 1994; Coppi & Aha-
ronian 1999; Błażejowski et al. 2000; Dermer et al. 2009; Böttcher
& Dermer 2010). This emission mechanism is called the exter-
nal Compton (EC) process. The inverse-Compton (IC) emission
from the above electron energy distribution is given (e.g. Rybicki
& Lightman 1986) by:
j IC (νf ) =
∫
νi
∫ γmax
γmin
(
νf
νi
)
ji(νi)Rσ(νi, νf , γ)N(γ, t)dγdνi (3)
Here ji(νi) is the spectral intensity of the incident seed photons,
νi is the frequency of the incident photons, j IC denotes the IC
emission coefficient, R is the radius of the emission region and σ is
the scattering cross section given by:
σ =
3
32
σT
(
1
νiγ2
) (
8 + 2x − x2 + 4xln
( x
4
))
, (4)
where x =
νf
νiγ2
and σT is the Thomson cross-section. We use a
uniform spectral intensity distribution from 9×1015 Hz to 1.4×1016
Hz for the seed photons of EC emission as seen from the rest frame
of the jet.
2.3 Synchrotron Self Compton (SSC) Emission
The Synchrotron photons produced within the jet can be up-
scattered by the energized electron population of the jet itself in
a process termed the synchrotron self-Compton (SSC) (Maraschi
et al. 1992; Chiang & Böttcher 2002; Arbeiter et al. 2005). This
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Figure 1. Black solid line shows the light curve at 1012 Hz (left panel) & 1015 Hz (right panel), produced by synchrotron emission as a single shock front
moves down the jet.
emissionmechanism is similar to the EC emission process described
in §2.2 and given by equation 3 & 4. ji(νi) for SSC emission is the
spectral intensity of the synchrotron photons produced in the jet.
We have included a simple treatment of the SSC process within our
model, in which the synchrotron photons are upscattered within the
same cell in which they are produced. While calculating the SSC
emission in a given cell, the contribution of seed photons from all
other cells weighted by the inverse-squared of their distance from
the former is added. Hence, we find that the contribution from the
other cells may be neglected and that does not significantly affect
our results regarding time variability.
2.4 The Accretion Disc Model
We follow the procedure described in Cowperthwaite & Reynolds
(2014) for modelling the disc variability. The disc is governed by
the non-linear diffusion equation (Pringle 1981):
∂σ(R, t)
∂t
=
1
R
∂
∂R
(
√
R
∂
∂R
(3νσ
√
R)) (5)
The shear viscosity of the disc ν(R, t) is perturbed as ν(R, t) =
ν0(1 + β(R, t)). The perturbation β(R, t) has no spatial correlations
which means that the perturbation at a certain radius R1 is inde-
pendent of that at another radius R2. But β(R, t) has a temporal
correlation with a characteristic time-scale τ, i.e., β(R, t) at a fixed
radius at time t depends on β(R, t) at that radius in the past back
to a time t − τ. The perturbation is assumed to follow an Ornstein-
Uhlenbeck (OU) process which ensures that the perturbations are
stochastic in nature and all the correlation properties stated above
are met. β(R, t) is assumed to follow the differential equation (Cow-
perthwaite & Reynolds 2014):
dβ(R, t) = −ω(R)β(R, t)dt +
√
ω(R)
ω0
dW(R, t) (6)
Here, ω(R) is the correlation frequency, which is assumed to be the
local viscous frequency (ω(R) = ν0/R) of the disc and the equation
is normalized by the viscous frequency of the innermost disc (ω0).
dW(R, t) is a Gaussian noise. The perturbation in the outer parts of
the disc are correlated for a much longer time than the inner regions
of the disc.
We divide the disc into 100 annuli with each annulus having a
thickness of 0.1 code units. We solve the disc equation numerically
with stochastic perturbations in viscosity which follow an OU pro-
cess. We use a time-resolution of 0.2 time units. We apply all the
considerations described by Cowperthwaite & Reynolds (2014) in
order to ensure numerical stability of the solution.
3 RESULTS
3.1 Nature of the Characteristic time-scales in the Model Jet
Variability
The multi-wavelength light curves generated by the above model
are shown in Figure 1. As time passes, more and more electrons are
energized by the shock front and the emission increases. Photons of
higher frequencies are produced by higher energy electrons which
lose energy faster. Therefore, emission at different frequencies is
distributed over various spatial extents behind the shock front. Only
MNRAS 000, 000–000 (2018)
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Figure 2. Left Panels: Black solid lines in the upper and lower panels show the external-Compton light curve at 1021 Hz for average inter-shock time-scales of
100 and 150 days, respectively. The number of emitting particles in the jet accelerated by each shock has been drawn from a uniform random distribution of a
standard deviation to mean ratio of ∼0.5. Right Panels: Blue open circles in the upper and lower panels denote the PSD of the light curves in the corresponding
left panels. Black dashed lines show the broken power-law fit to the PSD with break frequencies of 0.01 day−1 and 6.6 × 10−3 day−1, for the upper and lower
panels, respectively. It is evident that the break frequency in the PSD of both the light curves matches with the inverse of their mean inter-shock time-scales.
a small region behind the shock front contains high-energy electrons
emitting high-frequency radiation. This yields a flat-top light curve
as shown in Figure 1 right panel. On the other hand, photons which
are created by lower energy electrons take a much longer time to
decay after the shock has passed the emission region. Therefore,
emission from the lower energy electrons increases continuously
till the shock reaches the end of the region and then decays slowly,
as shown in Figure 1 left panel. The nature of the light curve depends
on the geometric parameters such as the size of the emission region,
or a gradient in the number density of the electrons or that in the
direction-averaged magnetic field magnitude along the axis of the
jet. The flow of multiple shocks down the jet one after another
gives rise to the long-term light curves of the jet. The flares due to
multiple shock fronts become more distinct, if observed at higher
frequencies as the cooling time-scale is shorter for high-frequency
bands and the flux decays quickly from its peak soon after the shock
front passes through.
We generate two sets of light curves in which the mean time
interval between the passing of consecutive shock fronts is different
(100 days& 150 days) and the number of emitting particles in the jet
accelerated by each shock has been drawn from a uniform random
distribution of a standard deviation to mean ratio of ∼0.5 for both
the cases. We calculate the power spectral density (PSD) of these
light curves. Those light curves along with their PSD are shown in
Figure 2. In both the cases, it is evident that there is a break in the
PSD, i.e., the slope steepens below a certain time-scale. We fit the
PSD with a broken power-law model, in which the index changes at
a certain frequency. The “break frequency” corresponds to a break
time-scale (TB) which is the inverse of the temporal frequency. We
find that TB is equal to the respective mean inter-shock time-scale
in both the cases. This implies that the break in the PSD of the light
curves is mainly caused by the repetitive shocks going down the jet
and the interval between the passing of these shock-fronts.
In order to study the above connection in more details, we vary
the set of times when a shock front reaches the emission region in
our model. In the radio galaxies 3C 120 and 3C 111, a new radio
knot is observed to move down the jet at superluminal speed a few
weeks following a dip in the X-ray emission (Chatterjee et al. 2009,
2011). We use the time of such dips in the X-ray light curves of 3C
120 between 2002 and 2007 as the new set of times for launching of
the shock front in our model. The number of particles accelerated
by each shock front is correlated with the amplitude of the dip. The
time between the dips varies significantly but the mean interval is
∼3 months. The light curve and the resultant PSD are shown in
Figure 3, where we find that the shape of the PSD is similar to what
we find above and the break time-scale is approximately the mean
time interval between the X-ray dips.
There are three important time-scales in our model: the accel-
eration time-scale τac , the cooling time-scale τcool and the inter-
shock time-scale τIS . τac is the time the shock takes to travel down
the length of the emission region. It is the same for all the frequen-
cies of emission and is independent of the processes of emission.
MNRAS 000, 000–000 (2018)
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Figure 3. Left Panel: Black solid line exhibits the light curve at 1021 Hz photon frequency, produced by EC emission where the dips in the 3C 120 X-ray light
curves are assumed to be the shock launching times and the number of emitting particles in the jet accelerated by each shock is correlated to the amplitude of
the dip. Right Panel: Blue open circles denote the PSD of the light curve shown in the left panel. Black dashed line shows the broken power-law fit to the PSD.
Figure 4. Blue open circles denote the PSD of light curves at 1019 and 1023 Hz in the left and right panel, respectively. The break time-scale for both are the
same but the difference in the slope is not prominent for the lower energy photons (left panel) as compared to the higher energy photons (right panel). Black
dashed lines show the broken power-law fits to the PSD.
τcool depends on the emission frequency. Emission produced by
lower energy electrons has a higher τcool . τIS is the mean time
between consecutive shocks, which may be related to the accretion
disc activity of the system. The PSD captures the amount of vari-
ability at each of these time-scales. The higher frequency regime of
the PSD is dominated by the variability at time-scales comparable
to τcool while the lower frequency end of the PSD exhibits the
variability at the time-scales comparable to τIS . The break in the
PSD may be due to the different variability processes at these two
time-scales. One of the several characteristic time-scales found by
Chen et al. (2016) in their model PSD, the so called “acceleration
decay” time-scale (τdecay), may have a similar physical origin to
τIS . On the other hand, for lower energy emission, τIS and τcool
are comparable and the PSD fails to capture the difference between
the two different types of variability and hence the break in the
power spectrum becomes less sharp. This has been demonstrated
in Figure 4. The right panel in Figure 4 shows the PSD at 1023
Hz. The slopes before and after the break frequency are −0.09 and
−1.3 respectively. The lower frequency (below the break frequency)
slope becomes −0.5 while the higher frequency slope remains the
same for the left panel showing the PSD at 1019 Hz, which makes
the break difficult to identify.
While broken power-law shaped PSD has been found in the
X-ray variability of many BHXRBs and Seyfert galaxies it has
been unambiguously detected only in one blazar, namely, Mrk 421
(Kataoka et al. 2001; Isobe et al. 2015; Chatterjee et al. 2018). To
detect such a break a well-sampled broad-band PSD is necessary,
which in turn needs light curves containing variability at hours
to years time-scale. Such data sets may not be available for many
blazars. The break time-scale of the jet PSD is found to be invariant
across all emission wavelengths. However, there may be some other
reasons for the non-detection of such breaks. The wavelength of
emission at which a broken PSD can be detected depends on the
SED of the jet. We calculate the PSD of variability from 1010 Hz to
MNRAS 000, 000–000 (2018)
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Figure 5. Left Panel: Blue solid circles show the number of dips in the disc light curve vs the break time-scale in the disc light curve simulated using the
algorithm by Timmer & Koenig (1995). Dips are defined as times when the flux is 1.5σ below the moving average (defined in §3.2) of the light curve. Right
Panel: Blue points denote the same, where dips are defined as times when the flux is 2σ below the moving average of the light curve.
1024Hz emission frequency. The PSDof the emission at frequencies
between 1010 and 1011 Hz follows a single power law as these are
mainly synchrotron emission from low-energy electrons. Moderate
to high- energy synchrotron emission and low-energy SSC emission
contribute to the emission at frequencies from 1012 to 1015 Hz. The
PSD is broken in this frequency window. From 1016 to 1018 Hz,
the PSD is again a single power law. This is low-energy EC and
high-energy SSC emission. For all frequencies greater than 1018
Hz, the PSD is broken and the main emission mechanism is EC
from moderate to very high-energy electrons. It is clear that the
nature of the PSD depends on the energy of the electron population
contributing at the frequency of emission. Furthermore, if emission
at a certain wave band, e.g., 0.2−10 keV X-rays or 0.2−300 GeV
γ-rays, is contributed by multiple radiation mechanisms or particles
with a large range of energies, or if the outbursts at the relevant time-
scales are overlapping then the break in the PSD may be blurred
and may not be detected. Frequencies at which both high-energy
synchrotron and lower energy SSC or high-energy SSC and lower
energy EC contribute to the emission significantly, the nature of the
PSD depends on the relative spectral intensities of each process. The
spectral intensity of the EC emission depends on the source of seed
photons for the EC emission mechanism. The detection of a break
in the GeV PSD and non-detection of a similar break in the PSD
of the variability at other wave bands in the case of the blazar OJ
287 (Goyal et al. 2018) may be due to the above reason. We analyze
the weekly binned 0.1-300 GeV light curve of OJ 287 during 2008
to 2018 as provided by the LAT team through their website 1. We
divide the light curve into 12 equal segments and calculate the local
mean and standard deviation (σ) of each of these segments. We
study two definitions of flares as points which are 1.0 σ or 0.9
σ above the local mean. We find the average time-scale between
outbursts to be 175 and 167 days for the 1.0 σ and 0.9 σ definitions,
respectively.We choose the fraction of standard deviations carefully
such that most of the outbursts are identified by these choices. Lower
values of the fraction identify very small fluctuations as outbursts
and higher values miss significant outbursts and identify only the
very large flares.
1 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
In addition, the jets may have additional source of variability
at the short time-scale such as turbulent magnetic field and density.
This may introduce additional power in the variability at the high-
frequency part of the PSD, which can cause the break to be less
prominent. The light curves are usually not regularly sampled and
contain large gaps in them due to various constraints in observations
and that makes the detection of such breaks even more difficult.
3.2 Possible Connection between Characteristic time-scales
in the Model Disc and Jet Variability
3.2.1 Jet Variability is Driven by the Dips in the Disc Light Curve
We find that the jet light curve in our model has a break and the
break time-scale is given by the mean time interval between the
passing of shock fronts through the emission region. The passage
of shock fronts may follow dips in the disc light curve as observed
in 3C 120 and 3C 111 and some BHXRBs. This is a connection
between phenomena happening in the disc and that in the jet. To
study this further using our model, we test whether there is a relation
between the nature of the disc variability and the mean interval
between the dips. For this purpose, we simulate disc light curves
using the algorithm prescribed by Timmer & Koenig (1995). In this
algorithm, we select the break frequency, and the power-law indices
below and above it, and generate a light curve, the PSD of which has
the selected properties. We define the “dips” in such a light curve
as values that are 2 standard deviation (σ) below a moving average
(mean of a local segment where each local segment has a width of
500 time units and an overlap of 100 time units with the previous
and the next segment), and local minimum of each of the dips is
defined as the time when a shock front passes through the emission
region in our model. In this manner, given a simulated light curve
we can generate a set of times when shock fronts will be generated.
This is crucial for the test as the break time-scale is essentially the
mean time interval between consecutive shock fronts.
We select −1.0 and −2.5 as the power-law indices below and
above the break frequency (νB), which are the standard values (e.g.,
Chatterjee et al. 2009, 2011; Remillard & McClintock 2006). We
vary the value of νB of the PSD of the simulated light curve from
10−5 day−1 to 1 day−1 and repeat the same analysis in order to find
MNRAS 000, 000–000 (2018)
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various sets of times for the passage of shock. We smooth the light
curves with a Gaussian kernel using a smoothing length of 10 days
in order to avoid defining very sharp fluctuations as dips because it
might not be realistic that a very short-time-scale dip consisting of
only one or two data points below the defined level may signify a
shock event down the jet. We plot the number of dips in the TK95
light curves versus the break frequency of the PSD of the simulated
light curves in Figure 5 (left and right panels for the case when dips
are defined as 1.5σ and 2σ below a moving average, respectively).
The number of dips remains constant with νB for lower values of
break frequencies, increases with νB above a certain value of break
frequency and then saturates to a high value for higher νB . The
nature of the PSD for very small break frequency is very similar to
a very steep power law and hence one expects to find slowly varying
light curves with long dips and hence the number of dips/shock
events are lower. The PSD is a very flat power law when the break
frequency is very high and the light curves are rapidly fluctuating
giving rise to a larger number of dips/shock events. For intermediate
values of νB , we see a gradual increase in the number of dips/shock
events as we transition from very steep to very flat power-law PSD
with increasing νB . Changing the break frequency of the TK95 light
curve is motivated by the relation of the disc break frequency with
MBH . We have established that the jet break time-scale is related
to the inter-shock time-scale of the jet which we directly connect
to the inter-dip time-scale of the disc. As the number of dips, and
the inter-dip time-scale, does not vary with the break frequency of
the disc PSD at very low and very high values of νB , we do not
expect any correlation between the disc and the jet break timscales
for higher and lower MBH . For intermediate MBH this correlation
may be present, i.e., the disc and the jet break time-scales may be
related for this range of BH mass.
We vary the post break-frequency power-law slope of the PSD
and check for any relation between that and the number of dip/shock
events for various break frequencies. We do not find any significant
correlation between the two.
3.2.2 Disc Variability is Simulated using a Physical Model
In order to further search for any connection between the PSD
break time-scale in the disc and jet variability, we study the stochas-
tic variability of the disc discussed in §2.4. We simulate the disc
light curves using the model with different viscous frequencies and
calculate the PSD of those light curves. It is evident from Figure 6
that the PSD follows a broken power law and the break frequency
is related to the viscous time-scale at the inner parts of the disc,
similar to that found by Cowperthwaite & Reynolds (2014).
In order to simulate the prominent dips as observed in the disc-
corona light curves of 3C 120 and 3C 111, we suppress the surface
density in the inner disc by 20% at times drawn from a Gaussian
distribution with a mean of 2000 time units and a standard deviation
of 100 time units. This mean interval is different from the viscous
time-scale of the disc. The light curve simulated from the above
model and its PSD are shown in Figure 6. The shape of the PSD
of this simulated light curve with the prominent dips still follows
a broken power law and the break frequency remains the same as
that of the model disc variability without the dips. This implies that
the PSD break frequency for the disc variability is not related to the
mean time interval between successive dips but to the viscous time-
scale of the disc. This indicates that if the disc variability is caused
by a process similar to what has been proposed by Cowperthwaite
& Reynolds (2014) and the jet variability is related to the dips in
the disc emission, while both may have a broken power-law shaped
PSD the characteristic break time-scale of these two processes may
not be the same or have the same physical origin. A connection
between the phenomena in the disc and the jet does not necessarily
cause a similar characteristic time-scale in the variability.
4 SUMMARY AND CONCLUSIONS
We have developed a semi-analytical model of the jet to study the
time-variability of its emission. The time variability arises from the
acceleration of particles due to the passing of a shock-front through
various zones of the emission region in the jet and subsequent
cooling of the particles through synchrotron and inverse-Compton
processes. Multiple shock-fronts flow down the jet one after
another, with varying time intervals. In addition, we simulate
emission variability of the accretion disc for further probing the
connection between the two.
1. The PSD of the model light curves follows a broken power
law with a characteristic break frequency, which is found to be
directly linked to the mean time interval between the consecutive
shocks.
2. In the radio galaxies 3C 120 and 3C 111, dips in the X-ray
emission from the disc-corona region have been observed to be
followed by the motion of superluminal radio knots down the
jets (Chatterjee et al. 2009, 2011). We simulate the jet variability
by sending shocks down the model jet at the times of the X-ray
dips observed in 3C 120. The PSD of the resultant jet emission
variability has a broken power law shape as above, in which the
break frequency corresponds to the mean time interval between the
dips. However, this break time-scale (∼ 100 days) is much longer
than the break time-scale (∼ 1.29 days) obtained from the X-ray
PSD of 3C 120 by Chatterjee et al. (2009).
3. We simulate disc-corona light curves with a PSD having a
broken power law shape using the algorithm by Timmer & Koenig
(1995). We define the significantly low states of the light curve as
dips. We vary the break frequency (νB) of these light curves across
five decades and find that the number of dips, or equivalently
shocks down the jet, is uncorrelated to νB if the latter is very low
or very high. But the number of dips/shock events increases with
νB for a small range of intermediate values of the latter. As the
break time-scale of disc PSD is correlated with MBH , this analysis
suggests that we may not find correlations between the jet and the
disc break time-scales for higher or lower MBH but may expect a
correlation for a small range of intermediate MBH values.
4. We generate disc variability following the physical model of
Cowperthwaite & Reynolds (2014). The PSD of the variability has
a broken power law shape with a break frequency consistent with
the viscous time-scale in the inner disc. We simulate prominent
dips in the above light curve by suppressing the accretion rate
in the inner disc. The PSD of these modified light curves has a
broken power law shape with a break time-scale identical to that of
the variability without the dips. This implies that the PSD break
frequency for the disc variability is not related to the mean time
interval between successive dips but to the viscous time-scale of
the disc.
5. If the jet variability is observed at a wave band, in
which there is significant contribution from multiple emission
MNRAS 000, 000–000 (2018)
8 Mukherjee et al.
Figure 6. Left Panels: Black solid lines at the top and middle panel show the disc light curve produced assuming the viscous frequency of the inner disc to
be 10−3 and 10−4 (arbitrary units), respectively. That at the bottom panel shows the same as the middle panel with the addition of dips to the light curve by
suppressing the accretion rate in the inner parts of the disc. The blue solid circles denote the times at which the light curve dips. Right Panels: Blue open circles
denote the PSD of the disc variability shown in the corresponding left panel. Black dashed lines show the broken power-law fit to the PSD with a break near
a frequency of 3x10−3, 3x10−4, 3x10−4, respectively at the top, middle, and bottom panels. It is evident that the break frequency does not change due to the
addition of the dips.
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mechanisms or radiation emitted by lower energy particles such
that the consecutive outbursts significantly overlap, the break in
the PSD may be blurred and may not be detected with irregularly
sampled light curves as are usually available.
We finally conclude that while a connection between phenom-
ena in the disc and that in the jet have been observed in some AGN
and BHXRBs, and PSD of the variability of both the disc and the
jet may have a broken power law shape, break time-scales in these
two cases are not the same or related in general except an indirect
relation in a small range of BH mass as described in item (3) above.
The break time-scale in the disc variability may be related to the
viscous or other time-scales in the disc while that in the jet may be
related to the mean time interval between large amplitude outbursts
in its emission. This implies that the break in a PSD detected in a
jet-dominated source, such as a blazar, may be related to the motion
of shock waves down the jet that causes large amplitude outbursts or
some other physical process that determines the time-scale below
which the amplitude of variability significantly decreases. Further-
more, the detection of a break in the jet PSD at a certain wave band
implies that the emission in that band may be dominated by a single
mechanism and by the high-energy part of the particle distribution,
which may be tested by studying its spectral energy distribution.
This is consistent with finding such a break in the X-ray variabil-
ity in the blazar Mrk 421, in which the X-rays are dominated by
synchrotron radiation by very high-energy electrons in the jet (e.g.,
Abdo et al. 2011).
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